Abstract Autophagy is a highly conserved pathway that mediates bulk degradation of cellular components in lysosomes/vacuoles and plays an important role in filamentous fungi by impacting growth, morphology and development. However, in leaf rust, the role of autophagy is poorly understood. In this study, we identified the structure of autophagy in leaf rust infection structures by using transmission electron microscopy (TEM). The results suggest that autophagy can be strongly induced in the haustorium mother cell (HMC) but did not occur in other special infection structures, such as the appressorium, substomatal vesicle and haustorial. Applying the autophagy inhibitor 3-mehyladenine (3-MA) to leaf rust resulted in significant arrest of mycelial growth and delays in leaf rust infection. These results suggest that autophagy can be induced in HMC and is important for fungal infection of wheat. This research will help us to expand our understanding of the physiological functions of autophagy in filamentous fungi.
Introduction
Autophagy, which literally means self (auto-) eating (−phagy), is a universal mechanism in eukaryotic cells. It is an evolutionarily conserved pathway that mediates bulk degradation of cellular components in lysosomes/vacuoles (Klionsky 2005; Mizushima 2007 ). During autophagy, cytosolic proteins and organelles are sequestered by an expanding membrane of the preautophagosomal structure (PAS) (the phagophore), and the phagophore generates a double-membrane bound structure called the autophagosome. After completion of autophagy, autophagosomes may fuse with the tonoplast and be delivered directly to the lumen of the vacuole. The autophagic body is degraded by vacuolar hydrolases, and the resulting macromolecules are released back into the cytosol for reuse (Klionsky 2007; Bassham et al. 2006) .
A number of studies have identified autophagy as a crucial cellular process for recycling nutrients, eliminating old/damaged organelles, degrading toxic components, and reclaiming cellular materials as a precursor to cell death (Bassham et al. 2006; Aubert et al. 1996; Rose et al. 2006; Xiong et al. 2007 ). Autophagy has been connected with many physiological and pathological processes, including plant development, senescence, and immune responses (Thompson and Vierstra 2005; Seay et al. 2006; Gutierrez et al. 2006) . A recent study has shown that autophagy also appears to play an important role in filamentous fungi by impacting growth, morphology and development (Pollack et al. 2009 ). Previously, very little was known about the role of autophagy in the pathogenicity of phytopathogenic fungi. Recently, autophagy was confirmed as an important pathway for turgor accumulation in the appressorium of Magnaporthe oryzae (Liu et al. 2007a, b; Lu et al. 2009; Veneault-Fourrey et al. 2006; Talbot and Kershaw 2009) . The appressorium (the tips of the germ tubes) is a special infection structure that generates enormous cellular turgor and allows the penetration peg of the appressorium to penetrate the leaf cuticle.
Researchers have found that the appressorial turgor pressure is much lower in a moatg1Δ mutant than in the wild type (Liu et al. 2007a, b) . The knockout of autophagy genes led to the loss of the function of appressorium-mediated penetration and pathogenicity in M. oryzae. Thus, it was confirmed that autophagy is essential for turgor generation in the appressoria of M. oryzae (Liu et al. 2007a, b; Lu et al. 2009; Liu et al. 2007a, b) . Studies show that, similar to M. oryzae, the filamentous fungi Puccinia triticina also activates appressorium development during infection. Unlike M. oryzae, which usually ruptures the plant cuticle directly, the leaf rust fungi can enter host cells via the natural opening of stomata. A penetration peg originating from the appressorium pushes through the stoma to enter the intercellular space of the host leaf. The infection peg grew a spherical substomatal vesicle in the substomatal space after penetration. The substomatal vesicle sequentially produced primary hyphae (PH), and the primary hyphae attached to the mesophyll cells near the stoma where hyphae formed the haustorium mother cell (HMC) and adhered tightly to the host cell wall. Host cell penetration begins with the formation of a penetration peg within an area of contact between the HMC and the host cell, followed by the formation of a haustoria within the host cell. After haustoria formation, more infecting hyphae develop and come into contact with additional host cells, which results in a branching network of fungal mycelium.
In contrast to M. oryzae, leaf rust fungi have evolved specialized hyphal structures that are activated during host invasion, including the substomatal vesicle and the HMC (Staples 2001; Szabo and Bushnell 2001; Tucker and Talbot 2001; Howard and Valent 1996) . The role of autophagy in the process of leaf rust fungi infection and development was unknown. To determine the relationship between autophagy and the pathogenicity of Puccinia triticina, autophagy in leaf rust fungi was studied. To identify the structure of autophagy in leaf rust infection structures, laser scanning confocal microscopy (LSCM) and transmission electron microscopy (TEM) were employed in this study. By inhibiting the formation of autophagy with the specific drug 3-mehyladenine (3-MA), the physiological functions of autophagy during leaf rust infection were defined according to the size of the colony at different time points following inoculation. This research will help us to better understand autophagy in filamentous fungi and expand our understanding of the physiological function of autophagy. A clear understanding of the pathogenic mechanisms of leaf rust fungi could provide effective target sites for the prevention and control of leaf rust. Additionally, this knowledge could provide a scientific basis for breeding disease resistant plants and developing prevention strategies. Finally, this research generates important reference values for studying the pathogenic mechanisms of filamentous fungi.
Materials and methods

Plant cultivars and pathogen
Wheat (Triticum aestivum L.) cv. Zhengzhou 5389 (local cultivar) was used in the present study. Wheat leaf rust fungi (Puccinia triticina) physiological race 260 was used for infection. Zhengzhou 5389 is highly susceptible to race 260. The seedlings were grown in organic soil in 10-cm diameter pots under greenhouse conditions at 24°C with a 16 h day and 8 h night cycle. Seven-day-old seedlings were used for infection. Rust uredospores were suspended in water to a final concentration of 3 × 10 5 spores ml
. Then, the seedlings were inoculated with the spore suspension by brushing it on the surface of the first leaf with a paintbrush. After inoculation, the seedlings were kept in a humid chamber for 16 h in the dark at 25°C to allow infection to occur. Then the seedlings were returned to greenhouse.
Sample preparation and microscopic observations
The inhibitor 3-MA was pre-dissolved in DMSO and diluted with water to 5 mM final concentration in 0.4 % v/v DMSO. Aqueous DMSO (0.4 % v/v) was used as a control. At 16 h post inoculation (hpi), infected leaves were injected with 5 mM 3-MA or DMSO (0.4 % v/v) as previously described, and the drugs were pressed through the stomata into the intercellular space in areas adjacent to the infected area by using a modified syringe. The time points were selected based on previous microscopic studies of when hyphae form HMC (Seglen and Gordon 1982; Liu et al. 2010) .
Infected leaves were collected at 78, 90 and 102 h after fungal inoculation. One to 2-cm segments were cut from leaves and then fixed and cleared as previously described with some modifications (Panwar et al. 2013) . Leaf segments were soaked with methanol and chloroform (1:2 v/v) and then boiled in lactophenol/ethanol (1:2, v/v) for 1.5 min. Leaf tissues were washed with 50 % (v/v) ethanol, rinsed in ddH 2 O and incubated in 0.5 M sodium hydroxide for 30 min. The samples received a thorough wash in ddH 2 O and were soaked in 0.1 M Tris-HCL buffer (pH 8.5) for 30 min. Subsequently, the leaves were stained with Calcofluor White (Sigma Co., USA.) solution (0.1 % (w/v) in 0.1 M Tris-HCL, pH 8.5) for 5 min. After several washes in ddH 2 O, the samples were rinsed twice with 25 % (v/v) glycerol and were finally stored in lactoglycerol (equal volume of lactic acid, glycerol and water) for microscopic observation. Mycelial morphology microscopy was performed using an Olympus H2-F microscope (Japan) with bright field and fluorescence channels. The objectives were 20 × or 40 × .
Quantification of fungal growth in plants:After 78, 90 and 102 hpi, growth was quantified by counting the area of fungal spread. Statistical analysis of the data was based on Student's t-test.
Sample preparation for transmission electron microscopy (TEM) was performed as previously described (Liu et al. 2010) . Briefly, the inoculated leaves were cut into small slices (1 × 2 mm 2 ) and immediately immersed in a fixation buffer (4 % glutaraldehyde in potassium phosphate (pH 7.6)) at 4°C for 3 h. Subsequently, the samples were rinsed thoroughly with the same buffer three times, 15 min each time, then post-fixed with 1 % (w/v) osmium tetroxide at 4°C overnight. After thoroughly rinsing the samples with phosphate buffer twice, 30 min each time, the samples were dehydrated in a graded acetone series to 100 % then transferred to 100 % acetone and infiltrated with graded Epson812. Finally, the samples were embedded in an Epon812-araldite medium and polymerized at 60°C for 7 days.
The ultrathin and semithin sections of the embedded samples were cut with a glass knife using a LKB-8800 ultramicrotome (Switzerland). For subcellular localization, semi-thin sections (50-70 mm) were stained with 1 % aqueous toluidine blue-methylene blue in 1 % sodium tetraborate and examined under a bright-field light microscope. At the base of the semi-thin sections, ultra-thin sections (60-90 nm) were cut from selected samples and collected on 200 mesh copper grids and post-stained with 1 % uranyl acetate for 1 h and Reynold's lead citrate for 20 min. The sections were rinsed with distilled water after poststaining, then viewed and photographed with a JEM-100CX (Japan) TEM. For each sample, 20 semi-thin and 20 ultra-thin sections were observed and only representative images are shown in the figures.
Quantitation of autophagosome structures observed in special infection structures. The number of autophagosomes was determined per 20 infection structures.
MDC staining and confocal microscopy
Infected leaves were collected 4-6 h after fungal inoculation and were stained with a 0.05 mM final concentration of monodansylcadaverine (MDC, Sigma-Aldrich, D-4008) in phosphate buffered saline (PBS) for 10 min in the dark. The leaves were washed with PBS two times to remove excess MDC. Fluorescence microscopy was performed using an Olympus-FV1000 LSCM (Japan). The MDC fluorescence was detected by excitation at 405 and scanning with a DAPI-specific filter.
Results
Observations of autophagy in infection structures of rust fungal development
Although autophagy has been suggested that as an essential process for turgor generation in the appressoria of M. oryzae (Liu et al. 2007a, b; Lu et al. 2009; Liu et al. 2007a, b) , the function of autophagy in leaf rust fungi infection and development is unclear. To investigate whether autophagy can be induced in the special infection structures of P. recondita f.sp. tritici, we observed autophagy of the appressorium by staining samples with the autophagosome-specific dye MDC (VeneaultFourrey et al. 2006) . Fluorescence microscopy was carried out using LSCM. After inoculation, the germ tube developed from the spore grew towards a stoma and formed a swollen appressorium at the tip of a short germ tube (4-8 h after inoculation) (Fig. 1) . Germ tubes and appressoria formed over host leaf stomata had a blue colour fluorescence, and the intensity of fluorescence was much higher in the appressoria than the germ tube, but MDC-stained autophagosomes (strong fluorescence) were not observed in the germ tubes (Fig. 1a, b and c) or appressorium (Fig. 1d, e and f) . This observation indicates that autophagy did not occur in the germ tubes and appressorium. To further confirm the absence of autophagosomes in the germ tubes and appressorium (i.e., to confirm the MDC staining results), TEM was used to characterize autophagy. TEM was one of the earliest tools and most reliable methods for monitoring the structures of autophagy (Liu et al. 2007a, b; Veneault-Fourrey et al. 2006; Pinan-Lucarré et al. 2003 ). We have not observed autolysosomes containing electron-dense material, but there were a number of massive neutral lipids in the germ tubes (Fig. 2) and appressorium (Fig. 3) . These TEM data, together with our MDC observations (Fig. 1) , indicate that autophagy is not induced during appressorium formation.
Eight hours after leaf rust infection, the appressorium formed an infection peg, penetrated the stomata and grew a spherical substomatal vesicle in the substomatal space (Fig. 4a) . The substomatal vesicle sequentially produced primary hyphae (PH) (Fig. 4e) . MDC fluorescence microscopy is not feasible on thick and optically inaccessible tissues, such as wheat mesophyll, so autophagy microscopy in the Fig. 3 Ultrastructural observation of appressorium after infection for 4 h (a-c). C: Magnification of the appressorium surrounded by a white boxed area in b (A -appressorium; S -stomata; NEneutral lipids). The results were reproduced in three independent experiments using three or more fungi in each experiment. Scale bars a 2 μm; b 1.2 μm; c 240 nm substomatal vesicle and follow-up infection structures was carried out only using TEM. No autolysosomes were observed in the substomatal vesicle (Fig. 4b, c, d , f and g) and primary hyphae (Fig. 4h) , which was very similar to the appressorium (Fig. 3) . In the substomatal vesicle, neutral lipids were smaller and more abundant (Fig. 4d) , compared to the appressorium (Fig. 3c) . These observations imply that autophagy could not be induced in the substomatal vesicle and primary hyphae.
After a 16-h inoculation, the primary hyphae attached to the neighbouring cells where hyphae formed the HMC (Fig. 5a, c, e and g ). TEM revealed fusion of the vacuole in the HMC with autolysosome structures (Fig. 5b) , which are double-membrane vesicles containing cytoplasmic materials and a tube-like complex (Fig. 5d, f and h ). These TEM data indicate that autophagy is induced in HMC. After a 20-h inoculation, the haustorial mother cell formed a penetration peg, which formed haustorium after crossing the cell wall (Fig. 6a) . We did not observe electron-dense material doublemembrane in autolysosomes (Fig. 6b) , but there were a number of massive neutral lipids in the haustorial (Fig. 6c) . Similar outcomes were observed in the appressorium (Fig. 3 ) and substomatal vesicle (Fig. 4) . Statistical data from TEM observations showed that the average number of autolysosomes structures was 2.8 in the HMC, but the number was zero in other infection structures (Fig. 7) .
Taken together, these results suggest that autophagy can be induced in HMC (Fig. 5) , but did not occur in other special infection structures such as the The sub-stomatal vesicle with primary hyphae, the white boxed areas in e, f are shown in the g, h. The results were reproduced in three independent experiments using three or more plants in each experiment. (S -stomata; SV-sub-stomatal vesicle; PH-primary hyphae; NE -neutral lipids). Scale bars a 2.4 μm; b, e 1.5 μm; c, f 1 μm; d, g 300 nm; h 400 nm appressorium (Fig. 3) , substomatal vesicle (Fig. 4) and haustorial (Fig. 6) .
The use of autophagy inhibitor 3-mehyladenine (3-MA) in rust fungal reduces leaf rust disease symptoms and mycelial growth.
It has recently been shown that the autophagy in appressoria is essential for appressorium-mediated penetration and pathogenicity in M. oryzae. Therefore, we hypothesized that autophagy in the HMC was a prerequisite for infection-related development in leaf rust. To validate our experiments, the autophagy inhibitor 3-MA was used to inhibit the formation of autophagic bodies in the HMC and disease phenotypes were observed. The method of Rohringer et al. (using the fluorescent dye Calcofluor) was used in this histological study (Rohringer et al. 1977) . Fungal infection hyphae showed bright blue fluorescence under a fluorescence microscope. From 78 hpi to 102 hpi, fluorescent intercellular colonies at each infection site were clearly visible in the control plants treated with DMSO, mycelial morphology appeared normal with extensive colonization and breaching of neighbouring mesophyll cells by secondary hyphae (Fig. 8d, e, and f) . In contrast, plants inoculated with 3-MA had significant arrest of mycelial growth and leaf rust infection was greatly delayed (Fig. 8a, b, and c; Fig. 9 ). These results indicated that autophagy of the HMC was essential for infectionrelated development in Puccinia triticina. 
Discussion
Research on autophagy continues to accelerate (Klionsky 2007) . As a result, many new techniques and tools, such as MDC (Veneault-Fourrey et al. 2006) and GFP-Atg8 (Kikuma et al. 2006) , have been used to monitor and evaluate autophagy in fungi, but ultrastructural investigations of autophagy occurring during fungal development are scarce. TEM was one of the earliest tools used to characterize autophagy (Ashford and Porter 1962) and is still one of the most reliable methods to monitor autophagy in cells. In this study, we were able to observe not only doublemembrane vesicles containing electron-dense material with a density similar to cytoplasm (which are representative of autophagosomes) but also autolysosome vesicles fusing with and discharging their contents into vacuoles. These results provide further evidence that autophagy is induced during infection by Puccinia triticina. During autophagy, vacuolar degradation occurs relatively quickly, and many studies used a vacuolar protease inhibitor, such as PMSF, for observing autophagic bodies inside vacuoles (Pinan-Lucarré et al. 2003; Takeshige et al. 1992) . To avoid the effects of PMSF on fungal growth, we treated the samples without PMSF in this experiment. However, a number of autolysosomes were still observed in the special infection structure (HMC). This result suggests that autophagy can be strongly induced in HMC.
It has recently been shown that autophagy is essential for turgor accumulation in the appressorium, and the knockout of autophagy genes lead to loss of appressorium-mediated penetration in M. oryzae. However, entry of leaf rust fungi into the substomatal cavity via the natural opening of stomata, which does not need turgor pressure, still occurs. The host mesophyll cell wall is breached by the penetration peg originating from the HMC, which is similar to the appressorium in M. oryzae. This outcome could explain the autophagy observed in the HMC (Fig. 5) instead of in appressorium (Fig. 3) . These results closely match our predictions. It is possible that autophagy could generate enormous cellular turgor, thereby allowing the penetration peg of the HMC to Fig. 9 Quantitation of intercellular hyphae expansion. At least 50-60 infection sites from six independent infected leaves were used for quantification of fungal expansion for each treatment and each time point. Error bars represent standard deviations and values represent means ± SE from three independent experiments. A Student's t-test was applied to determine significant differences (*P < 0.05; **P < 0.01) penetrate the mesophyll cell wall. Previous research in the cowpea rust fungi (Uromyces vignae) has shown that the first HMC is programmed to die unless a Bsurvival signal^is received from the plant at the time the HMC produces a penetration peg. However, the survival signal has yet to be identified. Autophagy has a pro-survival function that has been demonstrated in many studies (Pinan-Lucarré et al. 2005) , and this function plays a critical role in providing nutrients to starved cells during nutrient starvation conditions by helping to prolong cell survival (Levine and Klionsky 2004; Yorimitsu and Klionsky 2005 ). So it is also possible that autophagy prevents HMC senescence and allows haustorium formation within the host cell.
In conclusion, this is the first report on autophagy in Puccinia triticina, and we show that autophagy can be induced in the HMC and is an important process for successful infection of wheat. However, our current understanding of the functions and mechanisms of autophagy in Puccinia triticina is rudimentary. Further understanding of autophagy mechanisms will require an efficient molecular transformation system to study the function of genes involved in the autophagy pathway in Puccinia triticina.
